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ABSTRACT
Many potassium channel families are over-expressed in cancer, but their 
mechanistic role in disease progression is poorly understood. Potassium channels 
modulate membrane potential (V
mem
DQGWKHUHE\LQÀXHQFHFDOFLXPLRQG\QDPLFVDQG
other voltage-sensitive signaling mechanisms, potentially acting as transcriptional 
regulators. This study investigated the differential response to over-expression and 
activation of a cancer-associated potassium channel, the intermediate conductance 
calcium-activated potassium channel (IK), on aggressive behaviors in mammary 
epithelial and breast cancer cell lines. IK was over-expressed in the highly metastatic 
breast cancer cell line MDA-MB-231 and the spontaneously immortalized breast 
epithelial cell line MCF-10A, and the effect on cancer-associated behaviors was 
assessed. IK over-expression increased primary tumor growth and metastasis of 
0'$0%LQRUWKRWRSLF[HQRJUDIWVGHPRQVWUDWLQJIRUWKH¿UVWWLPHLQDQ\FDQFHU
W\SHWKDWLQFUHDVHG,.LVVXI¿FLHQWWRSURPRWHFDQFHUDJJUHVVLRQ7KHSULPDU\WXPRUV
had similar vascularization as determined by CD31 staining and similar histological 
characteristics. Interestingly, despite the increased in vivo growth and metastasis, 
QHLWKHU,.RYHUH[SUHVVLRQQRUDFWLYDWLRQZLWKDJRQLVWKDGDVLJQL¿FDQWHIIHFWRQ
MDA-MB-231 proliferation, invasion, or migration in vitro. In contrast, IK decreased 
MCF-10A proliferation and invasion through Matrigel but had no effect on migration 
LQDVFUDWFKZRXQGDVVD\:HFRQFOXGHWKDW,.DFWLYLW\LVVXI¿FLHQWWRSURPRWHFHOO
aggression in vivo. Our data provide novel evidence supporting IK and downstream 
signaling networks as potential targets for cancer therapies.
INTRODUCTION
Breast cancer is one of the most common forms of 
cancer with roughly 230,000 new cases per year and is 
responsible for 40,000 deaths in the United States alone. 
About 1 in every 8 women will be diagnosed with breast 
cancer at some point in her lifetime. Women diagnosed 
with localized breast cancer have an excellent prognosis 
with over 98% 5 year survival. Unfortunately, patients 
with metastases have only a 25.9% 5 year survival 
highlighting the need for treatments aimed at metastasis 
[1]. A major hindrance to the development of better breast 
cancer treatments is a lack of understanding of what drives 
disease progression to metastasis. For decades it has been 
known that some cancers remain in a benign state for long 
time periods while others quickly progress to malignancy, 
and that generally only a subset of tumor cells are 
FDSDEOHRIPHWDVWDVLV$OWKRXJKPDQ\PHWDVWDVLVVSHFL¿F
pathways have been described, our understanding of the 
upstream signals that activate these pathways, and the 
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factors that cause certain cells to metastasize while nearby 
syngeneic cells do not, remain largely unknown [2].
Over the past decade ion channels have been 
receiving increased attention for their roles in cancer 
progression. Numerous cancer types have altered ion 
channel expression, with expression of certain channels 
correlating with cancer stage [3]. In various cases, 
inhibiting these channels leads to a decrease in cancer-
associated behaviors including primary tumor growth 
and metastasis in vivo [46]. Most studies have focused 
on ion channels as downstream targets of signaling 
pathways that execute critical mechanical functions 
required for aggressive behaviors. For instance, inhibiting 
certain chloride and potassium channels responsible for 
generating changes in cell volume decreases cell migration 
and proliferation [7]. However, evidence suggests ion 
channels may have upstream regulatory roles as well, and 
little is known about the ability of ion channel activity to 
initiate signaling cascades to promote aggressive cancer 
behaviors [8, 9].
The intermediate conductance calcium-activated 
potassium channel (IK) is over-expressed in numerous 
cancer types including breast, prostate, uterus, stomach, 
colorectal, pancreas, pituitary gland, and brain cancers 
[10] and inhibiting IK decreases cancer cell proliferation, 
migration, and in vivo tumor growth and metastasis 
[1116]. Based on these results, the widely held theory in 
WKH¿HOGLVWKDW,.LVDGRZQVWUHDPHIIHFWRURIVLJQDOLQJ
pathways and is required in the late steps of enacting 
aggressive cancer behaviors. However, IK may have 
additional upstream instructive roles and its activity may 
EH VXI¿FLHQW WR LQLWLDWH DJJUHVVLYH EHKDYLRUV WKURXJK
its effect on calcium dynamics. In prostate cancer 
FHOOVDFWLYDWLRQRI,.ZLWKLWVDJRQLVWZDVVXI¿FLHQWWR
VLJQL¿FDQWO\LQFUHDVHLQWUDFHOOXODUFDOFLXPFRQFHQWUDWLRQV
suggesting IK could regulate downstream calcium-
dependent signaling pathways [17]. Furthermore, IK 
DFWLYDWLRQ ZDV VXI¿FLHQW WR LQFUHDVH SURVWDWH FDQFHU
proliferation, providing additional evidence of the ability 
of IK to activate signaling pathways [12]. However, the 
SRVVLEOHVXI¿FLHQF\RI,.WRSURPRWHDJJUHVVLYHQHVVKDV
not been previously studied in breast cancer cells.
In the present study, our aims were (1) to investigate 
ZKHWKHULQFUHDVHG,.DFWLYLW\ZDVVXI¿FLHQWWRSURPRWH
proliferation in breast epithelial cells and cancer cells 
and (2) to investigate whether an increase in IK was also 
VXI¿FLHQWWRLQFUHDVHRWKHUDJJUHVVLYHFDQFHUEHKDYLRUV
including tumor growth and metastasis in vivo. We chose 
to use the metastatic breast cancer cell line MDA-MB-231 
because IK inhibition studies demonstrated decreased 
proliferation, migration, and colony formation indicating 
IK has an important physiological role in aggressive 
behaviors in this cell line [18]. Surprisingly, we found 
that MDA-MB-231 in vitro proliferation, invasion, 
and migration were not affected by IK over-expression 
or activation. Interestingly, however, increased IK 
decreased proliferation and invasion of the spontaneously 
immortalized breast epithelial non-tumorigenic MCF-
10A cell line but had no effect on migration. In contrast 
to the in vitro results, we found that over-expressing IK 
LQ 0'$0% ZDV VXI¿FLHQW WR LQFUHDVH SULPDU\
tumor growth and metastasis in mice. This study is the 
¿UVW WR GHPRQVWUDWH WKH VXI¿FLHQF\ RI ,. WR LQFUHDVH
cancer aggression in vivo and suggests the possibility of 
key differences in behavioral response to IK activation 
between tumorigenic and non-tumorigenic cells, although 
more cell lines must be tested to determine a potential 
trend. Our results indicate that IK plays an important 
instructive role in cancer progression and suggest the 
possibility of unique signaling mechanisms that could be 
XVHGDVVSHFL¿FWDUJHWV
RESULTS
IK over-expression increases potassium current 
and hyperpolarizes V
mem
,QRUGHU WR WHVW WKHVXI¿FLHQF\RI LQFUHDVHG,.WR
induce increased aggression in the breast cancer cell line 
0'$0%ZH¿UVWJHQHUDWHGFHOOVZLWKLQFUHDVHG,.
expression. Cells were infected by a retrovirus encoding 
HLWKHU,.DQGUHGÀXRUHVFHQWSURWHLQ5)3RU5)3DORQH
DVYHFWRUFRQWURODQGVHOHFWHGIRU5)3XVLQJÀXRUHVFHQFH
activated cell sorting (FACS) (Supplementary Figure 
1). MDA MB 231 have previously been reported to 
endogenously express IK [19](data accessible at NCBI 
*HR GDWDEDVH *6( :H FRQ¿UPHG WKDW ,. ZDV
H[SUHVVHGLQFRQWUROFHOOV0'$0%5)3E\57
3&5DQGWKDWFHOOVLQIHFWHGZLWK,.YLUXV0'$0%
,.KDGVLJQL¿FDQWO\LQFUHDVHG,.H[SUHVVLRQS 
2-sample t-test, Figure 1A). Overexpression was further 
FRQ¿UPHG DW WKH SURWHLQ OHYHO E\ LPPXQRÀXRUHVFHQFH
(Figure 1B).
To validate functional activity of the over-expressed 
IK channel, the electric current density and V
mem
 of 
individual cells were measured in the presence or absence 
RIȝ0RIWKH,.DJRQLVW(WK\OEHQ]LPLGD]ROLQRQH
(1-EBIO). It should be noted that 1-EBIO is also an 
agonist of the closely related small conductance calcium 
activated potassium channels (SK) [20]. However, SK 
WUDQVFULSWV ZHUH EHORZ WKH OLPLW RI GHWHFWLRQ XVLQJ 57
3&5VXJJHVWLQJ WKDW ,.LVPRUHSUHYDOHQW)XUWKHUPRUH
WUHDWPHQWRI0'$0%ZLWKWKH,.VSHFL¿FDQWDJRQLVW
75$0 LQKLELWV PRVW FDOFLXPVHQVLWLYH SRWDVVLXP
current indicating that SK has lower endogenous activity 
[18]. Electrophysiological recordings were acquired in 
WKHFHOODWWDFKHGFRQ¿JXUDWLRQXVLQJDSHUIRUDWHGSDWFKLQ
order to best maintain the endogenous cytosolic contents 
and preserve V
mem
. 1-EBIO treatment had no effect on 
FXUUHQW GHQVLW\ RI FRQWURO 0'$0%5)3 FHOOV 
T    ZD\ $129$ RI  P9 FXUUHQW GHQVLW\
Similarly, IK over-expression had no effect on current 
Oncotarget3www.impactjournals.com/oncotarget
GHQVLW\LQWKHDEVHQFHRI(%,2T ZD\$129$
of 0 mV current density). However, in MDA-MB-231-IK 
FHOOV(%,2WUHDWPHQWVLJQL¿FDQWO\LQFUHDVHGWKHFXUUHQW
density from 0.98 ± 2.32 pA/pF to 32.33 ± 13.60 pA/pF (p < 
T ZD\$129$RIP9FXUUHQWGHQVLW\
Figure 1C). Furthermore, the current density of MDA-
0%,.WUHDWHGZLWK(%,2ZDVVLJQL¿FDQWO\ODUJHU
WKDQHLWKHUXQWUHDWHGRU(%,2WUHDWHGFRQWUROFHOOVT 
DQGT UHVSHFWLYHO\ZD\$129$RIP9
current density). The reversal potential for MDA-MB-231-
IK EBIO treated cells was -76.21 ± 2.58 mV, relatively near 
the potassium reversal potential predicted by the Nernst 
Figure 1: Functional contribution of IK over-expression to current density and V
mem
. (A) ,. P51$ H[SUHVVLRQ OHYHOV
UHODWLYHWR*$3'+LQWRWDO51$FROOHFWHGIURP0'$0%LQIHFWHGZLWKS0,*5)3&RQWRUS0,*,.,.DQGVHOHFWHGIRU5)3
ÀXRUHVFHQFHE\)$&6'DWDDUHSUHVHQWHGDVPHDQZLWKVWDQGDUGHUURURI WKHPHDQ6(0RI LQGHSHQGHQW UHSOLFDWHV VLJQL¿FDQW
difference p < 0.01, 2 sample t-test). (B)0'$0%FRQWURORU0'$0%,.ZHUH¿[HGRQFRYHUVOLSVDQGLPPXQRÀXRUHVFHQFH
PLFURVFRS\ZDVSHUIRUPHGXVLQJDQWLERGLHVWR,.JUHHQZLWK'$3,EOXHVWDLQLQJRI WKHQXFOHL,QFUHDVHGLQWHQVLW\RI WKHJUHHQ,.
staining is evident in the MDA-MB-231-IK sample. (C) Endogenous and 1-EBIO induced current-voltage relationship in control and 
,.H[SUHVVLQJFHOOVUHFRUGHGLQ WKHFHOODWWDFKHGSHUIRUDWHGSDWFKFRQ¿JXUDWLRQIURP0'$0%FHOOV'DWDDUHSUHVHQWHGDVPHDQ
6(0IURPDPLQLPXPRIUHFRUGLQJV7KHFXUUHQWGHQVLW\ZDVVLJQL¿FDQWO\LQFUHDVHGLQ0'$0%,.(%,2WUHDWHGFHOOVDV
FRPSDUHGWRFRQWUROYHKLFOHWUHDWHGFRQWURO(%,2WUHDWHGDQG0'$0%,.YHKLFOHWUHDWHGFHOOVSZD\$129$
of 0 mV current density) (D) V
mem
 averaged over 20 seconds from recordings of same cells as C. Data points represent individual cells, 
EDUVVKRZPHDQZLWK6(0LQGLFDWHVVLJQL¿FDQWO\GLIIHUHQWWKDQYHKLFOHWUHDWHGFRQWUROSZD\$129$(E) V
mem
 recording 
of representative MDA-MB-231 control cell (top) and MDA-MB-231-IK cell (bottom) with bath solution exchanged to 1-EBIO solution 
beginning at 30 seconds and continuing through duration of recording. There is a ~7 second delay between when the solutions are changed 
and when the new solution reaches the cells.
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equation (-89.9 mV), indicating the current was comprised 
SULPDULO\RISRWDVVLXPÀX[7KHVHGDWDVXJJHVWWKDW0'$
0%,.FHOOVH[SUHVVVLJQL¿FDQWO\PRUHIXQFWLRQDO,.
FKDQQHOVWKDQFRQWURO0'$0%5)3FHOOV
IK over-expression without agonist treatment did 
QRW VLJQL¿FDQWO\ DOWHU WKH 9
mem
 of MDA-MB-231 cells 
(control -26.3 ± 8.2 mV, MDA-MB-231-IK -33.5 ± 16.5 
P9 T    ZD\ $129$ +RZHYHU WKHUH ZDV
a greater range of V
mem
 values in the MDA-MB-231-
IK population (range of -6.4 to -67.6 mV) compared to 
FRQWUROFHOOVUDQJHRIWRP9S )
test to compare variance) with the IK population being 
skewed towards hyperpolarized (control -0.26, MDA-
0%,.DGMXVWHG)LVKHU3HDUVRQVWDQGDUGL]HG
PRPHQWFRHI¿FLHQWVXJJHVWLQJ,.RYHUH[SUHVVLRQOHDGV
to increased basal levels of conductance in some cells or 
is transiently active (Figure 1D). Application of 1-EBIO 
VLJQL¿FDQWO\K\SHUSRODUL]HGWKH9
mem
 of MDA-MB-231-
IK cells to -73.9 ± -2.8 mV (p < .001, paired 2-sample 
t-test). 1-EBIO also hyperpolarized the V
mem
 in control 
FHOOVDOWKRXJKWKLVZDVQRWVWDWLVWLFDOO\VLJQL¿FDQW
P9S SDLUHGVDPSOHWWHVW$GGLWLRQDOO\
FRQWUROFHOOVH[KLELWHGDÀXFWXDWLRQLQ9
mem
 at the time of 
1-EBIO application, suggesting the presence of active IK 
or SK channels (Figure 1E).
MDA-MB-231 in vitro proliferation, invasion, 
and migration are unaffected by IK over-
expression and activation
We next investigated the effect of IK expression 
and activity on in vitro behaviors of MDA-MB-231 cells. 
IK is endogenously activated by calcium signaling and 
its activation is highly temporally and spatially regulated 
which may be important to its downstream function [13]. 
We wanted to compare the effect of increased IK current 
responding to endogenous temporal and spatial activation 
as well as to low and high levels of continuous pan-IK 
activation. Cells over-expressing IK were expected to 
maintain endogenous activation patterning but with larger 
currents. We therefore compared the behavioral response 
of control and IK over-expressing cells treated or untreated 
with agonist.
It has been previously reported that IK over-
activation by agonist treatment increases proliferation 
in prostate cancer cells [12]. Here, we monitored the 
proliferation of both control and IK over-expressing 
MDA-MB-231 cells over 4 days in the presence or 
DEVHQFHRI(%,2:HIRXQGWKDWWKHUHZDVQRVLJQL¿FDQW
difference in proliferation across any of the conditions 
'D\S ZD\$129$)LJXUH$:HQH[W
evaluated in vitro behaviors associated with metastasis. 
The ability of cells to invade was assayed in vitro using 
a transwell assay in which the number of cells invading 
across a Matrigel-coated membrane in response to a 
VHUXPJUDGLHQWZDVTXDQWL¿HG7KHUHZDVQRVLJQL¿FDQW
difference in the number of invading cells across any 
RIWKHFRQGLWLRQVS ZD\$129$)LJXUH%
Similarly, migration in a scratch wound assay was not 
DOWHUHGZLWKQRVLJQL¿FDQWGLIIHUHQFHLQWKHVXUIDFHDUHD
RIZRXQGUHFRYHU\DIWHUKS ZD\$129$
Figure 2C). These results suggest that increased IK 
DFWLYLW\LVQRWVXI¿FLHQWWRLQFUHDVHin vitro measures of 
MDA-MB-231 cell aggression.
IK over-expression and activation decreases 
colony formation of MDA-MB-231 Cells
The ability to form colonies in soft agar is used as 
an in vitro measure of transformation and tumor forming 
Figure 2: IK over-expression and activation with 1-EBIO had no effect on MDA-MB-231 proliferation, invasion, or 
migration. (A)3UROLIHUDWLRQRIFRQWURODQG,.RYHUH[SUHVVLQJ0'$0%FHOOVZDVTXDQWL¿HGRYHUGD\VIRUFHOOV WUHDWHGZLWK
YHKLFOHFRQWURORU(%,27KHUHZDVQRVLJQL¿FDQWGLIIHUHQFHLQFHOOQXPEHURQDQ\GD\'D\S ZD\$129$(B) Invasion 
WKURXJK0DWULJHOFRDWHGWUDQVZHOODIWHUKXVLQJ)%6DVDFKHPRDWWUDFWDQW$YHUDJHQXPEHURIFHOOVSHU¿HOGRIYLHZZLWK¿HOGVRIYLHZ
SHUVDPSOHDQGUHSOLFDWHVLQHDFKRILQGHSHQGHQWH[SHULPHQWV7KHUHZDVQRVLJQL¿FDQWGLIIHUHQFHLQWKHQXPEHURILQYDGLQJFHOOVDFURVV
DQ\FRQGLWLRQS ZD\$129$(C)$FRQÀXHQWOD\HURI0'$0%FRQWURORU0'$0%,.ZDVVFUDWFKHGDQGKHDOLQJ
ZDVDVVHVVHGDIWHUKZLWKYHKLFOHFRQWURORU(%,2WUHDWPHQW7KHUHZDVQRVLJQL¿FDQWGLIIHUHQFHLQWKHQRUPDOL]HGVXUIDFHDUHDRI
ZRXQGUHFRYHU\S ZD\$129$$OOGDWDSUHVHQWHGDVPHDQZLWK6(0RIWKUHHLQGHSHQGHQWUHSOLFDWHV
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ability. Inducing expression of oncogenes such as c-MYC 
RU5$6LQQRQWXPRULJHQLFFHOOOLQHVFDQFRQIHUFRORQ\
forming ability which correlates with tumor formation 
in mouse xenografts demonstrating the capacity of this 
assay to assess conversion to a malignant phenotype [21]. 
MDA-MB-231 cells are highly malignant and therefore 
readily form colonies. Given that IK is over-expressed 
in many metastatic cancers, we anticipated increased IK 
activity would increase colony formation. Surprisingly, 
colony formation in IK-expressing cells was decreased 
to 64% as compared to untreated control and was 
further decreased to 30% by 1-EBIO treatment (Figure 
$±% S   ZD\$129$ (%,2 VLPLODUO\
reduced the colony formation of control MDA-MB-231 
cells to 32% of untreated cells. These data suggest that 
treatment with 1-EBIO, which induces constant IK 
activation, more severely inhibits colony formation than 
elevated transiently activated IK induced by increased IK 
expression.
IK activation decreases MCF-10A proliferation 
and invasion
MDA-MB-231 cells are highly aggressive and 
so the lack of effect of IK expression/activity on cell 
proliferation, migration, and invasion may be due to an 
inability to further augment these already aggressive 
behaviors. We therefore tested the effect of increased IK 
expression and activation in the non-tumorigenic breast 
epithelial MCF-10A cell line. We created an IK over-
expressing population of MCF-10A cells. As with MDA-
MB-231, MCF-10A-IK cells had dramatically increased 
,.H[SUHVVLRQSVDPSOHWWHVW6XSSOHPHQWDU\
Figure 2A) and increased current density at 0 mV with 
1-EBIO treatment from 0.483 +/- 0.344 pA/pF in control 
cells to 22.90 +/- 18.46 pA/pF in MCF-10A-IK (p < .001, 
T ZD\$129$6XSSOHPHQWDU\)LJXUH% IK 
over-expression without agonist treatment hyperpolarized 
the V
mem
 of MCF-10A cells from -21 ± 6.3 mV in control 
cells to -47 ± 14.7 mV in MCF-10A-IK cells (p < 0.001, 
ZD\$129$6XSSOHPHQWDU\)LJXUH&LQGLFDWLQJWKH
overexpressed channels were activated by endogenous 
signaling. Application of 1-EBIO hyperpolarized MCF-
10A control cell V
mem
 to -31 ± 7.4 mV (p < 0.01, paired t 
test) indicating that the cells have endogenous IK or SK 
channels. 1-EBIO treatment induced a larger effect on 
MCF-10A-IK cells, hyperpolarizing the V
mem
 to -69 ± 
6.9 mV (p < 0.01, paired t-test). Although the effect of 
1-EBIO treatment may have been partially mediated by 
SK channel activation, we were not able to detect SK 
WUDQVFULSWVE\573&5VXJJHVWLQJ6.KDVHLWKHUYHU\ORZ
or no expression in MCF-10A cells. In summary, these 
data demonstrate that IK overexpression in MCF-10A 
cells induces a similar change in electrical properties to 
MDA-MB-231 cells.
We next studied the effect of IK expression and 
activity on in vitro measures of aggression in MCF-10A 
cells. IK over-expression alone had no effect on MCF-10A 
cell proliferation, but activation of IK by 1-EBIO treatment 
VLJQL¿FDQWO\GHFUHDVHGSUROLIHUDWLRQRIFRQWURO0&)$
cells by 33 ± 4 % and IK expressing cells by 43 ± 16 % 
SZD\$129$)LJXUH$0&)$LQYDVLRQ
ZDVVLJQL¿FDQWO\GHFUHDVHGE\ERWK,.RYHUH[SUHVVLRQ
DQGDFWLYDWLRQSZD\$129$)LJXUH%
Figure 3: MDA-MB-231 soft agarose colony formation is decreased by both IK expression and IK activation. (A) Bright 
¿HOGLPDJHVRIFU\VWDOYLROHWVWDLQHG0'$0%FRQWURODQG0'$0%,.FHOOVJURZQLQVRIWDJDURVHDQGWUHDWHGZLWKYHKLFOH
control or 1-EBIO for 28 days. (B)4XDQWL¿FDWLRQRIFRORQLHVIURP$'DWDSUHVHQWHGDVPHDQZLWKVWDQGDUGGHYLDWLRQRIWKUHHLQGHSHQGHQW
UHSOLFDWHVLQGLFDWHVVLJQL¿FDQWO\GLIIHUHQWWKDQYHKLFOHWUHDWHGFRQWUROVLJQL¿FDQWGLIIHUHQFHEHWZHHQLQGLFDWHGVDPSOHVS
1-way ANOVA).
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It should be noted that in the control condition, less than 
1% of the cells loaded in the upper chamber invaded to 
WKHORZHUFKDPEHUUHÀHFWLQJVLPLODUEDVDOLQYDVLRQOHYHOV
DVKDVEHHQUHSRUWHGHOVHZKHUHDQGVLJQL¿FDQWO\UHGXFHG
as compared to MDA-MB-231 [2224]. However, no 
VLJQL¿FDQWFKDQJHLQFHOOPLJUDWLRQXVLQJDZRXQGVFUDWFK
DVVD\ZDVREVHUYHGDFURVVDQ\FRQGLWLRQS ZD\
$129$)LJXUH&)LQDOO\ZHWHVWHGWKHHIIHFWRI,.
expression and activity on colony-forming ability. MCF-
10A is an immortal but not transformed cell line and is 
unable to form colonies in soft agarose but can be induced 
to form colonies by expression of strong oncogenes [25]. 
Neither MCF-10A control nor MCF-10A-IK cells were 
able to form colonies with or without 1-EBIO treatment 
(Supplementary Figure 3).
IK over-activation by 1-EBIO causes MCF-10A 
but not MDA-MB-231 cells to accumulate in G2
We initially hypothesized that the differential 
proliferative response between MCF-10A and MDA-
MB-231 cells was due to a difference in apoptosis 
sensitivity. High potassium currents have been reported 
to induce apoptosis and one possibility was that MCF-
10A cells are sensitive to large potassium currents while 
MDA-MB-231 cells could be protected by anti-apoptotic 
signaling that is often active in highly metastatic cells 
[26]. To test this, we measured the percentage of apoptotic 
and dead cells to determine if the decrease in MCF-
10A cell number following IK activation was due to an 
increase in cell death. Control and IK over-expressing 
cells were cultured for 24 hours in 1-EBIO or vehicle 
control and stained with Annexin-V-FITC, which binds 
external phosphatidylserine an early marker of apoptosis, 
and violet dead cell stain. FACS was used to quantify 
WKHSHUFHQWDJHRIODEHOHGFHOOV7KHUHZDVQRVLJQL¿FDQW
difference in the percentage of apoptotic or dead cells 
across all cell conditions for both MCF-10A and MDA-
MB-231 cells (Figure 5A, 5C). We next investigated 
changes in the cell cycle distribution in the same samples 
using propidium iodide staining. 1-EBIO treatment 
increased the percentage of control and IK-overexpressing 
MCF-10A cells in the G2 phase (from 14.80 ± 3.71 % 
to 18.48 ± 3.27 % in control MCF-10A cells and from 
WRLQ0&)$,.FHOOVS
ZD\$129$)LJXUH&+RZHYHUQRVLJQL¿FDQW
differences were found in any of the conditions for MDA-
0%FHOOVS ZD\$129$)LJXUH'7KH
increased G2 accumulation was therefore observed in the 
same populations that had decreased proliferation. These 
data suggest that in MCF-10A cells the G2/M checkpoint 
includes a requirement for decreased IK activity and/or 
depolarization and that MDA-MB-231 cells are able to 
evade this requirement, possibly due to strong pro-growth 
signaling active in this cell line.
IK expression increases MDA-MB-231 primary 
tumor growth and metastasis
Given the various effects of IK expression and 
activity on cellular aggressiveness in vitro, we next 
assessed the effect of IK over-expression on in vivo 
tumor growth and metastasis. MDA-MB-231 control and 
MDA-MB-231-IK cells were injected into the mammary 
fat pad of 6 wk old female Rag2-/- Il2rg-/- mice. Caliper 
measurements were used to estimate the tumor volume 
RYHU  ZNV RI WXPRU JURZWK 3ULPDU\ WXPRU JURZWK
ZDVVLJQL¿FDQWO\LQFUHDVHGLQ0'$0%,.WXPRUV
Figure 4: 1-EBIO treatment decreased MCF-10A proliferation and invasion but had no effect on migration. (A) Control 
DQG,.RYHUH[SUHVVLQJ0&)$SUROLIHUDWLRQZDVTXDQWL¿HGRYHUGD\VIRUFHOOVWUHDWHGZLWKYHKLFOHFRQWURORU(%,2S
LQGLFDWHVVLJQL¿FDQWO\GLIIHUHQWWKDQYHKLFOHFRQWUROZD\$129$(B) Invasion through Matrigel-coated transwell after 24 h using horse 
VHUXPDQG(*)DVDFKHPRDWWUDFWDQW$YHUDJHQXPEHURIFHOOVSHU¿HOGRIYLHZZLWK¿HOGVRIYLHZSHUVDPSOHDQGUHSOLFDWHVLQHDFKRI
LQGHSHQGHQWH[SHULPHQWVSLQGLFDWHVVLJQL¿FDQWO\GLIIHUHQWWKDQYHKLFOHWUHDWHGFRQWUROSLQGLFDWHVVLJQL¿FDQW
difference between indicated samples, 1-way ANOVA). (C)$FRQÀXHQWOD\HURI0&)$FRQWURORU0&)$,.ZDVVFUDWFKHGDQG
WUHDWHGZLWKYHKLFOHFRQWURORU(%,2+HDOLQJZDVDVVHVVHGDIWHUKE\TXDQWLI\LQJWKHVXUIDFHDUHDRIZRXQGUHFRYHU\QRVLJQL¿FDQW
GLIIHUHQFHDFURVVDOOFRQGLWLRQVS ZD\$129$$OOGDWDSUHVHQWHGDVPHDQZLWK6(0RIWKUHHLQGHSHQGHQWUHSOLFDWHV
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beginning 17 days post cell injection (p < 0.05, 2-sample 
WWHVW)LJXUH$7RGHPRQVWUDWHWKDWWKHWXPRUVZHUH
derived from the injected cells, tumor sections were 
stained for human nuclear antigen (HNA) and cells 
stained positively throughout the bulk of the tumor 
(Figure 6B). MDA-MB-231-IK tumors showed higher IK 
immunoreactivity compared to control tumors, suggesting 
that IK over-expression was retained in vivo (Figure 6B). 
'HVSLWHWKHLQFUHDVHLQWXPRUVL]HWKHUHZDVQRVLJQL¿FDQW
difference in the number of Ki67 positive proliferating 
FHOOVLQGD\WXPRUVHFWLRQVS VDPSOHWWHVW
)LJXUH & 7KHUH ZDV DOVR QR VLJQL¿FDQW GLIIHUHQFH
in the number of cleaved caspase-3 positive apoptotic 
FHOOV LQ WXPRU VHFWLRQV DW GD\  S    VDPSOH
WWHVW)LJXUH(+RZHYHU WKHUHZDVD WUHQG WRZDUGV
increased Ki67+ cells and reduced caspase-3+ cells in 
the IK-overexpressing tumors, suggesting that increased 
proliferation and/or reduced apoptosis may contribute to 
the increased size of these tumors. In addition, as these 
measurements were taken at the end of the experiment, 
they may underestimate a larger difference in proliferation 
or apoptosis that occurred earlier on in the growth of the 
tumor.
We next investigated whether the primary tumors 
also displayed differences in aggressive phenotypes. 
Staining of primary tumor sections with H&E revealed 
Figure 5: 1-EBIO treatment increased G2 phase accumulation in MCF-10A but had no effect on MDA-MB-231. Control 
and IK over-expressing MCF-10A (A) and MDA-MB-231 (C) cells were treated with vehicle control or 1-EBIO for 24 h, stained with 
DQQH[LQ),7&DQGYLROHWGHDGVWDLQDQGDQDO\]HGE\ÀRZF\WRPHWU\WRTXDQWLI\WKHSHUFHQWDJHRISRVLWLYHO\VWDLQHGFHOOVQRVLJQL¿FDQW
difference in annexin-V or dead stained cells across any condition, 1-way ANOVA). (B, D)3ORWRIFHOOFRXQWYHUVXVSURSLGLXPLRGLGH
3,ÀXRUHVFHQFH WR DQDO\]HFHOO F\FOH$UURZPDUNVÀXRUHVFHQFH LQWHQVLW\ FRUUHVSRQGLQJ WR*SKDVH3ORW LV UHSUHVHQWDWLYHRI WKUHH
LQGHSHQGHQWUHSOLFDWHV0&)$S0'$0%S ZD\$129$$OOGDWDSUHVHQWHGDVPHDQZLWK6(0RIWKUHH
independent replicates.
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similar local invasion into surrounding muscle and 
¿EURDGLSRVHWLVVXHIURPERWK0'$0%FRQWURODQG
MDA-MB-231-IK primary tumors (Figure 7A). To assess 
vascular density, primary tumor sections were stained 
with the endothelial marker CD-31 and the number of 
YHVVHOVSHUVTXDUHPLOOLPHWHUZDVTXDQWL¿HG7KHUHZDV
QRVLJQL¿FDQWGLIIHUHQFHLQWKHYDVFXODUGHQVLW\EHWZHHQ
control and MDA-MB-231-IK tumors and surprisingly if 
anything there was a trend towards denser vascularization 
LQFRQWUROFHOOVS VDPSOHWWHVW)LJXUH%
We also assessed metastatic dissemination by 
comparing the number of cells metastasizing to the 
lung. Lungs were sectioned and stained with anti-
HNA antibody and the number of metastasizing cells 
ZDV TXDQWL¿HG7KHUH ZDV D VLJQL¿FDQW LQFUHDVH LQ WKH
number of metastasizing cells/mm2 in MDA-MB-231-IK 
injected mice as compared to control (p < 0.01, 2-sample 
WWHVW)LJXUH$% ,Q VXPPDU\ ,.RYHUH[SUHVVLRQ
VLJQL¿FDQWO\LQFUHDVHGSULPDU\WXPRUJURZWKDVZHOODV
dissemination of cells to lung tissue.
DISCUSSION
Despite decades of research, metastatic cancer 
continues to have high rates of recurrence and patient 
mortality. A better understanding of the molecular 
pathways that promote aggressive behaviors is needed in 
order to develop treatments aimed at preventing metastasis. 
IK channels play important functions in proliferation, 
migration, and invasion as shown by a decrease in these 
behaviors in vitro and in vivo with IK inhibition or knock-
down [11, 14, 27, 28]. In this study we investigated 
ZKHWKHU,.ZDVDOVRVXI¿FLHQWWRSURPRWHWKHVHEHKDYLRUV
DVVXI¿FLHQF\ZRXOGVXJJHVW,.SOD\VLPSRUWDQWUROHVLQ
upstream signaling pathways driving disease progression. 
:H IRXQG WKDW RYHUH[SUHVVLRQ RI ,. ZDV VXI¿FLHQW WR
increase primary tumor growth and metastasis but that it 
had cell line dependent differential effects on aggressive 
behaviors in vitro. This study adds to data from inhibition 
studies suggesting differences in behavioral response 
to potassium channel activation between cell lines of 
different tumor aggressiveness [15, 29]. Furthermore, there 
ZDVQRVLJQL¿FDQWFKDQJHLQ0'$0%SUROLIHUDWLRQ
in response to IK activation, which is in contrast to the 
previously reported increased proliferation of prostate 
cancer cell lines [12, 17]. These results suggest important 
differences exist in the signaling networks downstream of 
IK activation between different cell lines and support the 
investigation of primary tissue and tumors to determine if 
these differences correlate with disease state.
In support of the initial hypothesis that increased 
IK activity promotes cancer progression, in vivo primary 
tumor growth and metastasis of MDA-MB-231 to the 
lung was increased by IK over-expression. MDA-
MB-231 control and MDA-MB-231-IK cells developed 
similarly aggressive primary tumors with no observable 
difference in local tissue invasion or vascularity. This may 
be because MDA-MB-231 cells are endogenously highly 
LQYDVLYHDQG LWPD\EHGLI¿FXOW WRREVHUYHSRWHQWLDWLRQ
in primary tumors. The in vivo data are in contrast to 
the effect of IK over-expression on in vitro proliferation 
and aggressive behaviors of MDA-MB-231 cells. While 
WKHUH ZDV QR VLJQL¿FDQW HIIHFW RI ,. RQ SUROLIHUDWLRQ
migration, or invasion, it is interesting to note that there 
was a trend of MDA-MB-231-IK having the highest 
value in each assay. It is possible that IK over-expression 
results in a small increase of each behavior that is 
challenging to detect within the inherent variability of 
the assays. But in vivo where the effect of all of these 
behaviors is combined during tumor growth, the overall 
HIIHFWLVDPSOL¿HGDQGEHFRPHVVWDWLVWLFDOO\VLJQL¿FDQW
Alternatively, we speculate the opposing in vitro and 
in vivo UHVXOWVFRXOGUHÀHFWDUHTXLUHPHQWIRUVLJQDOLQJ
from the surrounding tumor microenvironment. It is well 
known that many in vivo factors with important effects 
on cancer cell behavior are not recapitulated in vitro and 
often treatments that reduce aggressive in vitro behaviors 
have no effect in vivo [3032]. Microenvironmental 
IDFWRUVWKDWLQÀXHQFH,.DFWLYDWLRQDQGVLJQDOLQJKDYHQRW
been studied extensively and may have important roles. 
For example, growth-promoting effects of IK signaling 
may require highly specialized spatio-temporal activation 
that is not recapitulated in vitro. IK signaling may be 
initiated by interactions with stromal cell types, activation 
RI VSHFL¿F DGKHVLRQ PROHFXOHV RU PLFURHQYLURQPHQWDO
IDFWRUV VXFK DV K\SR[LD RU LQÀDPPDWRU\ F\WRNLQHV DV
potassium conductance has been shown to be sensitive 
WR DOO RI WKHVH IDFWRUV > @$V D VSHFL¿F H[DPSOH
signaling from the human eag-related gene 1 potassium 
FKDQQHO K(5* LV GHSHQGHQW RQ LQWHUDFWLRQV ZLWK
integrin receptors, demonstrating one mechanism by 
which potassium channel activity is linked to a feature 
of the surrounding microenvironment [35, 36]. Further 
experiments are needed to determine how IK activity is 
responsive to microenvironmental factors.
Migration of both MCF-10A and MDA-MB-231 
cells was unaffected by IK over-expression and activation 
VXJJHVWLQJ,.DFWLYLW\LVLQVXI¿FLHQWWRGULYHPLJUDWLRQ
3ULRUVWXGLHVKDYHUHSRUWHGWKDW,.LQKLELWLRQGHFUHDVHV
migration in MDA-MB-231 and have supported a role for 
DFWLYDWLRQRI,.VSHFL¿FDOO\RQWKHODJJLQJHGJH>@
Activation lacking spatial regulation, such as occurs with 
addition of agonist, may have counteracting effects. The 
effect of increased IK expression on spatially restricted 
activation is not known. Activation of IK has been 
reported to increase intracellular calcium [17], allowing 
for the possibility of a positive feed-back loop whereby 
activation of some channels increases intracellular calcium 
which then activates additional channels. High expression 
of IK could increase positive feedback mechanisms and 
cause spatially restricted signals to be propagated to larger 
portions or the entire cell.
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Figure 6: IK over-expression increases in vivo tumor growth of MDA-MB-231. (A)0'$0%FRQWURO Q DQG
0'$0%,.Q FHOOVZHUHLQMHFWHGLQWRWKHLQJXLQDOPDPPDU\IDWSDGRIZNROGIHPDOHPLFHDQGWXPRUVL]HZDVSORWWHGRYHU
WLPH'DWDSUHVHQWHGDVPHDQZLWK6(0SSSVDPSOHWWHVW(B) Fixed primary tumor sections stained 
ZLWKDQWLERG\WRKXPDQQXFOHDUDQWLJHQJUHHQZLWK'$3,EOXHVWDLQLQJRIWKHQXFOHLWRSRUZLWKDQWL,.DQWLERG\JUHHQERWWRP
(C)4XDQWL¿FDWLRQRI.LSRVLWLYHOHIWDQGDFWLYH&DVSDVHSRVLWLYHULJKWFHOOVLQSULPDU\WXPRUVHFWLRQVZLWKUHSUHVHQWDWLYHLPDJHV
RI.LDQGDFWLYHFDVSDVHJUHHQVWDLQLQJZLWK'$3,EOXHVWDLQLQJRIWKHQXFOHLVKRZQEHORZ7KHUHZDVQRVLJQL¿FDQWGLIIHUHQFHLQ
WKHSHUFHQWDJHRIHLWKHU.LRUDFWLYHFDVSDVHSRVLWLYHFHOOVS VDPSOHWWHVWDQGS VDPSOHWWHVW
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IK expression and activation decreased in vitro 
invasion of MCF-10A but not MDA-MB-231 cells. This 
effect was most pronounced in IK over-expressing cells 
treated with agonist and thus the degree to which MCF-
10A invasion was inhibited correlated with the level of 
IK activity. Given that there was no change in MCF-10A 
migration, the decreased invasion is likely related to 
either an inability to degrade the ECM or dysregulation of 
volume control preventing volume reduction required to 
pass through the pores in the membrane. Further studies 
are needed to distinguish these two possibilities as well 
as to understand why MCF-10A but not MDA-MB-231 
invasion is sensitive to increased IK currents. Surprisingly, 
IK expression and activation decreased MDA-MB-231 
colony formation. Further studies are needed to delineate 
a mechanism for this result.
In contrast to increased proliferation seen in 
prostate cancer cells, neither IK over-expression nor 
activation with 1-EBIO caused a change in MDA-MB-231 
proliferation, suggesting the mechanism downstream of 
IK activation may not be conserved across cancer types 
[12]. Additionally, proliferation of the non-tumorigenic 
cell line MCF-10A was decreased by IK activation in 
both control and IK over-expressing cells but not by IK 
over-expression alone. There was no change in apoptosis 
or cell death suggesting the diminished cell number 
was due to a decrease in the rate of cell division. MCF-
10A control and IK over-expressing cells treated with 
(%,2KDGD VLJQL¿FDQW LQFUHDVH LQ WKHSHUFHQWDJHRI
cells in G2 while IK over-expression alone had no effect 
on cell cycle distribution. MDA-MB-231, which had 
no change in proliferation across any condition, also 
Figure 7: No evidence of increased aggression in primary tumor. (A)3ULPDU\WXPRUVHFWLRQVVWDLQHGZLWK+	((B)4XDQWL¿FDWLRQ
RIYHVVHOGHQVLW\LQSULPDU\WXPRUVWRSZLWKUHSUHVHQWDWLYH&'VWDLQHGVHFWLRQVERWWRPJUHHQ&'EOXHQXFOHLVWDLQHGZLWK'$3,
S VDPSOHWWHVW
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KDGQR VLJQL¿FDQWGLIIHUHQFH LQ WKHSHUFHQWDJHRI FHOOV
in G2. Thus, the accumulation of MCF-10A cells in G2 
mirrored the decrease in proliferation, suggesting constant 
IK activation decreases proliferation of MCF-10A by 
inhibiting progression from G2 to mitosis. Changes in 
potassium channel activity and V
mem
 are associated with 
progression through check points of the cell cycle with 
depolarization and a decrease in potassium channel 
activity typically occuring during G2 [5]. Activation of IK 
may prevent depolarization during late G2 and progression 
to mitosis. Further investigation is needed to determine if 
*DFFXPXODWLRQLVGXHWRK\SHUSRODUL]DWLRQVSHFL¿FDOO\
DVWKLVZRXOGIRUWKH¿UVWWLPHLQGLFDWHDUHTXLUHPHQWIRU
depolarization as part of the G2 checkpoint. The different 
response seen between MDA-MB-231 and MCF-10A 
cells suggests the cell lines may have distinct bioelectric 
SUR¿OHV ZLWK DOWHUHG VHQVLWLYLW\ WR ELRHOHFWULF HYHQWV
This may be a result of differences in expression of 
bioelectric sensors including proteins related to calcium 
signaling, or a difference in the ability to compensate 
for the increased potassium current. Understanding the 
bioelectric requirements of the G2 checkpoint may help 
elucidate novel therapies designed to utilize differences in 
VHQVLWLYLW\WRWDUJHWVSHFL¿FFHOOSRSXODWLRQV
One possible mechanism to explain the contrasting 
behavioral response between MCF-10A and MDA-
MB-231 is a difference in expression of IK binding 
partners and other closely associated proteins that differ 
between the two cell types. IK signaling is dependent 
RQ LQWHUDFWLRQV ZLWK EHWDLQWHJULQ DQG 753 PHPEHU
calcium channels in other cell types [17, 37]. Little is 
known about variability of associated proteins and how 
it affects behavioral response. There are many members 
ZLWKLQ WKH 753 FDOFLXP FKDQQHO IDPLO\ HDFK ZLWK
unique activation properties and thus IK associated with 
different members may have a different effect on calcium 
Figure 8: IK over-expression increases metastasis to the lung. (A)4XDQWL¿FDWLRQRI+1$SRVLWLYHFHOOVLQOXQJWLVVXHVHFWLRQV
collected 4 weeks after mice were injected in the mammary fat pad with MDA-MB-231 cells. Data are mean with SEM of 3 sections per 
PRXVHFRQWUROQ ,.Q SVDPSOHWWHVW(B)5HSUHVHQWDWLYHLPDJHRI+1$VWDLQLQJJUHHQZLWK'$3,EOXHFRXQWHUVWDLQ
in full lung section with arrows indicating positive cells.
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dynamics and downstream signaling. While some studies 
have investigated the requirement of associated proteins 
to IK signaling, none have investigated the effect of 
substituting related family members to gauge the response 
to a more subtle perturbation of the system. Additionally, 
a recent study found anomalous downstream responses to 
different IK inhibitors likely caused by maintenance of 
high intracellular calcium in response to one inhibitor but 
QRWWKHRWKHU>@7RJHWKHUZLWKRXUZRUNWKHVH¿QGLQJV
suggest the downstream response to IK modulation is 
complex and point to mechanisms that may make the 
UHVSRQVHFHOOW\SHVSHFL¿F$QDO\VLVRIDGGLWLRQDOFHOOOLQHV
and primary cells is needed to determine if the divergent 
behavioral responses to IK stimulation are characteristic 
RIVSHFL¿FFHOOW\SHVRUGLVHDVHVWDWHVDQGWRHOXFLGDWHWKH
mechanism driving the different behaviors.
3ULRUVWXGLHVKDYHSODFHGWKHFDQFHUDVVRFLDWHGLRQ
channel IK within a growing number of channels that 
are required to support aggressive tumor behaviors. This 
VWXG\LVWKH¿UVWWRGHPRQVWUDWHWKDW,.LVDOVRVXI¿FLHQWWR
promote in vivoFDQFHUJURZWKDQGPHWDVWDVLV2XU¿QGLQJV
suggest that IK has a greater impact on signaling pathways 
driving cancer progression, likely calcium-sensitive 
pathways, than previously thought. Ion channels are an 
intriguing potential mechanism of metastasis initiation as 
they are highly sensitive to microenvironmental factors 
and therefore could explain why only a small percentage 
of syngeneic cells go on to form metastases. The results of 
this study support the ability of IK to increase aggression 
of already transformed cancer cells. The ability of IK to 
promote tumor growth and metastasis in vivo points to 
the potential of IK-inhibiting drugs to decrease cancer 
progression. Furthermore, the opposing behavioral 
response between cancerous MDA-MB-231 and non-
tumorigenic MCF-10A cell lines warrants further study 
to determine if there are unique mechanisms conferring 
different sensitivities that could be utilized to formulate 
targeted therapies.
MATERIALS AND METHODS
Generation of pMIG expression plasmid
The retroviral expression plasmid pMIG and a 
SODVPLGFRQWDLQLQJWDJ5)35)3UHGÀXRUHVFHQWSURWHLQ
were purchased from Addgene (#12282 and #37537). 
A plasmid containing the IK complete coding sequence 
was purchased from Genecopoeia (GC-0G00902). The 
,. FRGLQJ VHTXHQFH LQ WDQGHP ZLWK 3$ DQG WDJ5)3
ZDV LQVHUWHG LQWRS0,*WR UHSODFH WKH ,5(6DQGJUHHQ
ÀXRUHVFHQW SURWHLQ *)3 VHTXHQFH XVLQJ WKH *LEVRQ
cloning method following manufacturer instructions 
1(%%ULHÀ\SULPHUVZHUHGHVLJQHGWRDPSOLI\S0,*
H[FOXGLQJ WKH ,5(6*)3 VHTXHQFH IRUZDUG SULPHU ¶
GCCAAGCTTATCGATAAAATAAAAGA, reverse 
SULPHU ¶ $$77&&**&*&&7$*$*$ 3ULPHUV IRU
WKH FKDQQHOV DQG WDJ5)3 ZHUH GHVLJQHG ZLWK 
bp overhanging sequences to match the adjacent DNA 
VHTXHQFH RI WKH ¿QDO SODVPLG DQG WR LQVHUW WKH 3$
VHTXHQFH,.IRUZDUGSULPHU¶&7$**&*&&**$$77
$&&$7***&****$7&7**UHYHUVHSULPHU¶7&7&
CTGCTTGCTTTAACAGAGAGAAGTTCGTGGCTCC
**$7&&&77**$&7*&7**&7***WDJ5)3IRUZDUG
SULPHU¶7&7&7&7*77$$$*&$$*&$**$*$&*7
GGAAGAAAACCCCGGTCCTGTGTCTAAGGGCGAA 
*$*&7*$UHYHUVHSULPHU¶&&7$&$**7****7&
TCACTTGTACAGCTCGTCCATGCC). All fragments 
ZHUH DPSOL¿HG E\ 3&5 DQG JHO SXUL¿HG $ *LEVRQ
reaction was performed using three DNA fragments, the 
S0,*EDFNERQHFKDQQHODQGWDJ5)3WRFUHDWHWKH¿QDO
SODVPLGS0,*,.$SODVPLGZLWKRQO\WDJ5)3LQVHUWHG
ZDVJHQHUDWHGDVDFRQWUROS0,*5)3
Retrovirus production and transduction
Two days prior to transfection, 2 × 106  3ODW
*3 FHOOV &HOO %LRODEV ZHUH SODWHG RQ D  FP GLVK
7UDQVIHFWLRQZDVSHUIRUPHGZLWKȝ/RIOLSRIHFWDPLQH
  ȝJ RI 969 SDFNDJLQJ SODVPLG DQG  ȝJ RI
S0,*&KDQQHO3$5)3 SODVPLG SHU PDQXIDFWXUHU
instructions. Cells were incubated in the DNA:liposome 
FRPSOH[RYHUQLJKWLQD¿QDOYROXPHRIP/$WKRXUV
SRVWWUDQVIHFWLRQYLUXVPHGLDZDVFROOHFWHGDQG¿OWHUHG
WKURXJKDȝP¿OWHU+XPDQEUHDVWHSLWKHOLDOFHOOOLQHV
ZHUHWUDQVGXFHGE\LQFXEDWLQJFRQÀXHQWFHOOVZLWK
YLUXVLQPHGLDVXSSOHPHQWHGZLWKȝJP/SRO\EUHQHIRU
24 hours. At 72 hours post-transduction, retrovirus treated 
FHOOVZHUHSODFHGLQPHGLDFRQWDLQLQJȝJP/*IRU
VHOHFWLRQ5HWURYLUXVLQIHFWHGFHOOVZHUHH[SDQGHGIRUODWHU
FACS sorting.
Cell cultivation
MCF-10A and MDA-MB-231 cell line were 
SXUFKDVHGGLUHFWO\IURP$7&&ZKLFKFHUWL¿HGWKHLGHQWLW\
RIWKHFHOOOLQHVE\675DQDO\VLVDQGDOVRFHUWL¿HGWKHFHOO
lines as pathogen-free. Cells were maintained following 
ATCC recommendations.
IK activation
Cells were treated with 200 µM 1-EBIO diluted 
from a 400 mM 1-EBIO stock solution in dimethyl 
VXOIR[LGH '062 UHVXOWLQJ LQD¿QDO FRQFHQWUDWLRQRI
0.05% DMSO in the cell medium. Control samples were 
treated with an equivalent concentration of DMSO as 
vehicle control.
Electrophysiology
3DWFKFODPSUHFRUGLQJVZHUHSHUIRUPHGLQWKHFHOO
DWWDFKHG SHUIRUDWHG SDWFK FRQ¿JXUDWLRQ DQG GDWD ZHUH
recorded with an Axon DigiData 1550 (Axon Instruments) 
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data acquisition system and an Axopatch 200B (Molecular 
'HYLFHVDPSOL¿HU'DWDZHUHORZSDVV¿OWHUHGDWN+]
sampled at 50 kHz, and analyzed using pClamp 10 
VRIWZDUH$[RQ,QVWUXPHQWV3DWFKSLSHWWHVZHUHSXOOHG
IURPWKLQZDOOERURVLOLFDWHJODVVZLWKD3PLFURSLSHWWH
SXOOHU 6XWWHU ,QVWUXPHQWV DQG ¿UH SROLVKHG UHVXOWLQJ
LQ0ȍUHVLVWDQFHSLSHWWHV3LSHWWHVZHUH¿OOHGZLWK
intracellular electrode solution (5 mM NaCl, 145 mM 
KCl, 2 mM MgCl
2
, 1 mM CaCl
2
, 1.57 mM ethylene 
glycol-bis(2-aminoethylether)-N-N-N-N-tetraacetic 
acid (EGTA), 10 mM 4-(2-Hydroxyethyl)piperazine-1-
HWKDQHVXOIRQLFDFLG+(3(6S+DGMXVWHGWRZLWK
M KOH) supplemented with 150 ng/ml Nystatin to induce 
SRUHIRUPDWLRQ3ULRUWRUHFRUGLQJFHOOVSODWHGRQJODVV
coverslips were perfused with external bath solution (144 
mM NaCl, 5.4 mM KCl, 1 mM MgCl
2
, 2.5 mM CaCl
2
, 
P0*OXFRVHP0+(3(6DGMXVWHGWRS+ZLWK
1 M NaOH). After initial seal formation, with a minimal 
VHDOUHVLVWDQFHFXWRIIRI*ȍSHUIRUDWLRQZDVDVVD\HG
by monitoring the capacitive current transient to a 2.5 
P9VWHSZLWKP9KROGLQJSRWHQWLDO5HFRUGLQJVZHUH
DFTXLUHGRQFH WKH VHULHV UHVLVWDQFHZDVEHORZ0ȍ
V
mem
 recordings were taken for 30 seconds in control 
extracellular solution supplemented with vehicle control 
ZLWKQRÀXLGÀRZGXULQJVHFRQGVRIEDWKH[FKDQJH
with the same solution, during 30 seconds of bath 
exchange with bath solution containing 200 uM 1-EBIO, 
DQGIRUVHFRQGVLQ0(%,2ZLWKQRÀXLGÀRZ
The reported V
mem
 values are the average from the last 
VHFRQGVUHFRUGHGLQVWDWLFÀXLGIURPHDFKFRQGLWLRQ
For the current-voltage protocol, cells were held at -30 
mV followed by 50 ms test pulses between -120 mV and 
80 mV in 40 mV steps. Current density was calculated 
by dividing the average current during the voltage step 
without leak subtraction by the whole cell capacitance.
51$LVRODWLRQSXUL¿FDWLRQDQGTXDQWLWDWLYH
PCR
51$ZDVLVRODWHGIURPFRQÀXHQWFHOOVLQDZHOO
SODWH&HOOVZHUHULQVHGZLWK3%6DQGȝ/51$ODWHU
(Ambion) was added before scraping and transferring 
FHOOVWRDP/WXEH51$ZDVSXUL¿HGXVLQJDQ51HDV\
mini kit (Qiagen) per manufacturer instructions. The 
FRQFHQWUDWLRQRI51$ZDVGHWHUPLQHGZLWKD1DQR'URS
7KHUPR6FLHQWL¿F5HYHUVHWUDQVFULSWLRQUHDFWLRQV
ZHUHSHUIRUPHGZLWKȝJRI51$ LQDȝO UHDFWLRQ
XVLQJL6FULSW5HYHUVH7UDQVFULSWLRQ6XSHUPL[%LR5DG
following manufacturer instructions. Transcript expression 
OHYHOVZHUHTXDQWL¿HGZLWKD%LR5DG&);5HDO7LPH
6\VWHP 5HDFWLRQV ZHUH SHUIRUPHG LQ  ȝ/ XVLQJ L4
6<%5*UHHQ6XSHUPL[%LR5DGDQGQJF'1$ZLWK
the following reaction conditions: 95 ° C 10 min, 40 cycles 
of 95° C 30 sec, 58° C 1 minute, 72 C° 1 minute. The 
primers used to amplify an IK fragment were forward 
SULPHU ¶ &7*&7*&*7&7&7$&&7** DQG UHYHUVH
SULPHU¶$***7*&*7*77&$7*7$$$*DQG*$3'+
was used as the housekeeping gene with forward primer 
¶ 77&*$&$*7&$*&&*&$7&77&77 DQG UHYHUVH
SULPHU ¶ $&&$$$7&&*77*$&7&&*$&&77 7R
GHWHFW6.DQGFRPSDUH WR,.H[SUHVVLRQOHYHOV43&5
ZDVSHUIRUPHGXVLQJ7DTPDQSUREHV7KHUPR6FLHQWL¿F
IRU6.,.DQG*$3'+ZLWK7DTPDQXQLYHUVDOPDVWHU
PL[ ,, 7KHUPR 6FLHQWL¿F IROORZLQJ PDQXIDFWXUHU¶V
instructions.
Proliferation assay
MCF-10A cells were plated at 7.5 × 103 cells/cm2 
and MDA-MB-231 cells were plated at 1 × 104 cells/
cm2 in 6 well plates. Cells were allowed to attach in 
normal medium for 3 h followed by exchange to media 
supplemented with drug treatment. Cells were trypsinized 
DQGFRXQWHGZLWKD7&DXWRPDWHGFHOOFRXQWHU%LR5DG
daily for 4 days with a media change after 2 days.
Apoptosis, cell death, and cell cycle analysis
Cells were plated at 5 × 104 cells/cm2 and allowed 
to attach for 3 hours. Medium was exchanged to medium 
supplemented with vehicle or 200 µM 1-EBIO and cells 
were incubated for 24 h. To quantify the percentage of 
apoptotic and dead cells, cells were trypsinized, washed 
LQ3%6DQGLQFXEDWHGLQ/LYH'HDG)L[DEOH9LROHW
Dead Cell stain for 30 min. Cells were washed in Annexin 
V Binding Buffer and incubated in Annexin V conjugated 
to FITC diluted 1:125 in Annexin V Binding Buffer 
,QYLWURJHQ)RUFHOOF\FOHDQDO\VLVFHOOVZHUH¿[HGLQ
70% ethanol and washed in phosphate-buffered saline 
3%6 &HOOV ZHUH LQFXEDWHG LQ  QJP/ SURSLGLXP
LRGLGH ,QYLWURJHQ  QJP/ 51DVH GLOXWHG LQ 3%6
IRUKU&HOOÀXRUHVFHQFHZDVGHWHFWHGXVLQJDQ/65,,
%HFWRQ 'LFNHQVRQ ÀXRUHVFHQW FHOO DQDO\]HU DQG GDWD
were analyzed with FlowJo software.
Migration assay
MDA-MB-231 cells were plated at 2.5 × 105 cells/
cm2 in a 24 well plate and were serum starved in 1% FBS 
media overnight. A scratch was made with a yellow tip 
and medium was exchanged with low serum medium 
FRQWDLQLQJGUXJ WUHDWPHQW3KDVH FRQWUDVW LPDJHVZHUH
acquired of the initial scratch. 10 h post scratch, cells 
were incubated in 0.5 µg/mL calcein AM for 15 minutes 
DQGÀXRUHVFHQWLPDJHVZHUHDFTXLUHG,PDJH-ZDVXVHG
WRFDOFXODWHZRXQGKHDOLQJE\¿UVWPDQXDOO\RXWOLQLQJWKH
ZRXQGDWWLPHKUWRFUHDWHDUHJLRQRILQWHUHVW52,
7KHÀXRUHVFHQWKLPDJHRIFDOFHLQ$0VWDLQHGFHOOV
was converted to a binary image such that white pixels 
corresponded to the surface area covered by cells. The 
SHUFHQWDJHRIZKLWHSL[HOVZLWKLQWKHLQLWLDOZRXQG52,
ZDVTXDQWL¿HGWRPHDVXUHZRXQGKHDOLQJ6FUDWFKDVVD\V
with MF-10A cells were performed similarly but 24-well 
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plates were seeded with 3.75 × 105 cells/cm2 cells, low 
serum medium consisted of normal MCF-10A medium 
ZLWKKRUVHVHUXPDQGQJP/(*)DQGEULJKW¿HOG
images were acquired 0 h and 12 h after scratching and 
the area of the scratch wound was measured with image J.
Invasion assay
The day prior to invasion assays, cells were placed 
in low serum medium. Basement membrane coated 
WUDQVZHOOVZLWKPPGLDPHWHUDQGȝPSRUHVL]H%'
%LRVFLHQFHVZHUHSUHLQFXEDWHGZLWKȝ/'0(0LQ
the upper chamber for 2 hours. MDA-MB-231 cells were 
diluted to 2.5 × 105 cells/mL and MCF-10A cells were 
diluted to 5 × 105 cells/mL in low serum media and 200 
ȝ/RIWKHFHOOVXVSHQVLRQZDVSODFHGLQWKHXSSHUFKDPEHU
giving 5 × 104 and 1 × 105 cells per well respectively. The 
ERWWRPFKDPEHUZDV¿OOHGZLWKȝ/RIQRUPDO IXOO
serum media as a chemoattractant. After 16 h for MDA-
MB-231 cells or 24 h for MCF-10A cells, transwells were 
ULQVHG LQ 3%6 DQG FHOOV ZHUH VFUDSHG RII RI WKH XSSHU
FKDPEHU5HPDLQLQJFHOOVZHUH¿[HGLQ3)$IRU
PLQXWHV7UDQVZHOOVZHUHULQVHGLQ3%6DQGVWDLQHGZLWK
ȝJP/¶'LDPLGLQR3KHQ\OLQGROH'LK\GURFKORULGH
'$3,IRUPLQXWHV7KHQXPEHURILQYDGLQJFHOOVZDV
FRXQWHGLQ¿HOGVRIYLHZIRUHDFKVDPSOH
Colony formation assay
MCF-10A cells were plated at 3 × 104 cells per 
well and MDA-MB-231 were plated at 5 × 103 cells per 
ZHOORID VL[ZHOOSODWH7KHZHOOVZHUH¿UVW FRDWHG LQ
1.5 mL of 0.8% agarose diluted in normal culture media. 
Cells were plated in 1.5 mL of 0.4% agarose diluted in 
normal culture media and the agarose was allowed to 
set at room temperature for 1 hr. Samples were cultured 
for 4 weeks with 0.5 mL culture media added on top of 
the culture media with media exchanges every 2-3 days. 
$IWHUZHHNVVDPSOHVZHUH¿[HGLQIRUPDOLQIRU
30 minutes and incubated in .005% crystal violet for 1 hr. 
Samples were rinsed in water until the washes were clear 
RIVWDLQ,PDJHVZHUHDFTXLUHGXVLQJD&KHPL'RF;56
JHO LPDJHU%LR5DGDQGDVVRFLDWHGVRIWZDUH&RORQLHV
were counted using ImageJ.
Orthotopic breast tumor model
All procedures involving animals were approved by 
WKH8QLYHUVLW\RI<RUN(WKLFDO5HYLHZ3URFHVVDQGXQGHU
WKHDXWKRULW\RID8.+RPH2I¿FHSURMHFW/LFHQVH6L[
ZHHNROGIHPDOH5DJ-/-, Il2rg-/- mice (Yorkshire Cancer 
5HVHDUFK 8QLW 8QLYHUVLW\ RI <RUN ZHUH VHOHFWHG DW
random for MDA-MB-231 control or MDA-MB-231-IK 
injection. A 5 × 105 cell suspension was prepared in 20% 
v/v matrigel in saline and injected into the left inguinal 
PDPPDU\ IDW SDG RI LVRÀXUDQH DQDHVWKHWL]HG PLFH $
total of 14 and 11 mice were injected with MDA-MB-231 
control and MDA-MB-231-IK cells respectively across 
4 independent experiments. Tumors did not take in 3 of 
the control and 2 of the IK expressing mice and were not 
LQFOXGHG LQ DQDO\VLV JLYLQJ Q    IRU 0'$0%
FRQWURODQGQ IRU0'$0%,.7KHOHQJWKDQG
width of primary tumors was measured daily with calipers 
and the tumor volume was calculated as 0.5 × (length × 
width2). Mice were euthanized 28 days after injection and 
WXPRUVDQGOXQJVZHUH¿[HGLQSDUDIRUPDOGHK\GHDQG
frozen.
Immunohistochemistry
H&E staining and immunohistochemistry were 
performed as described [39]. The following primary 
DQWLERGLHV ZHUH XVHG PRXVH DQWL,. $ORPRQH
UDEELW DQWL.L $EFDP UDEELW DQWLDFWLYDWHG
FDVSDVH5	'6\VWHPVUDEELWDQWL&'6DQWD
&UX]%LRWHFKQRORJ\PRXVHDQWL+1$0LOOLSRUH
Secondary antibodies were Alexa-488-conjugated goat 
DQWL PRXVHUDEELW  ,QYLWURJHQ 6DPSOHV ZHUH
PRXQWHG LQ 3URORQJ *ROG ZLWK '$3, ,QYLWURJHQ
6HFWLRQVZHUHVFDQQHGDW;XVLQJD=HLVV$[LR6FDQ
=VOLGHVFDQQHU,PDJHVZHUHH[SRUWHGLQWR,PDJH-IRU
processing. Brightness/contrast was adjusted using the 
ImageJ Auto function. Density of Ki67+ or activated 
caspase-3+ cells, CD31+ vessel structures, and metastasis 
to lungs were measured across scanned images of whole 
sections, blinded to treatment [39, 40].
Statistics
6WDWLVWLFVZHUHDQDO\]HGLQ3ULVPDQGVLJQL¿FDQFH
was determined using a two sample t-test or a one-way 
ANOVA followed by either a Dunett post test (to compare 
multiple conditions to a single control) or a Tukey post 
WHVW IRU D FRPSDULVRQRI DOO FRQGLWLRQV DOSKD 
In cases where a comparison is made between two 
VSHFL¿FFRQGLWLRQVIURPZLWKLQDQ$129$WKHTYDOXH
is given, otherwise only the p-value is given. All results 
are presented as mean with standard deviation from 3 
independent experiments unless otherwise noted.
Abbreviations
1-EBIO - 1- Ethylbenzimidazolinone
'$3,¶'LDPLGLQR3KHQ\OLQGROH'LK\GURFKORULGH
DMSO - dimethyl sulfoxide
EGTA - ethylene glycol-bis(2-aminoethylether)-N-
N-N-N-tetraacetic acid
)$&6±ÀXRUHVFHQFHDFWLYDWHGFHOOVRUWLQJ
FBS  fetal bovine serum
+(3(6+\GUR[\HWK\OSLSHUD]LQHHWKDQHVXOIRQLF 
acid
IK - intermediate conductance calcium-activated 
potassium channel
3%6SKRVSKDWHEXIIHUHGVDOLQH
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5)3±UHGÀXRUHVFHQWSURWHLQ
52,±UHJLRQRILQWHUHVW
SK  small conductance calcium-activated potassium 
channel
V
mem
  membrane potential
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